Grass-cutting ants (Atta vollenweideri) carry fragments that can be many times heavier and longer than the ants themselves and it is important for them to avoid falling over during load transport. To investigate whether the energetic costs of transport are affected by the need to maintain stability, the rate of CO 2 production was measured in both unladen workers and workers carrying standardized paper fragments of different size and shape. We tested: (1) the effect of mass by comparing workers carrying either light or heavy fragments of the same size, and (2) the effect of shape by comparing short and long fragments of the same mass. Consistent with previous studies, metabolic rate increased but running speed remained constant when ants carried heavier fragments. The net cost of transport (normalized to the total mass of ant and fragment) was the same for heavy and light fragments, and did not differ from the costs of carrying a unit body mass. Ants carrying long fragments showed similar metabolic rates but ran significantly slower than ants carrying short fragments. As a consequence, net cost of transport was significantly higher for long fragments than for short ones, and higher than the costs of carrying a unit body mass. The observed reduction in running speed is likely a result of the antsʼ need to maintain stability. When the absolute costs of transport were compared, smaller ants required more energy to carry heavier and longer fragments than larger workers, but the opposite was found for lighter and shorter fragments. The absolute costs of transport per unit fragment mass suggest that it is energetically advantageous for a colony to allocate smaller workers for the transport of small fragments and larger workers for large fragments. The present results underline the importance of biomechanical factors for the understanding of leaf-cutting ant foraging strategies.
INTRODUCTION
Ants are common model organisms for studies of central-place foraging. The foraging success of an ant colony is largely determined by the strategies workers use to exploit the available resources (Traniello, 1989) . Foragers are responsible for the energy intake of the entire colony and therefore incur the complete costs of colony food acquisition. The foraging costs include the locomotion costs of foragers from the nest to the food source, the costs of food collection once at the source, the costs of carrying loads back to the nest and, at the colony level, the costs of worker replacement due to increased mortality during foraging (Porter and Jorgensen, 1981; Fewell, 1988; Schilman and Roces, 2006) .
Costs of load carriage have been studied in many animals, ranging from vertebrates to insects. Most of these studies have investigated the effects of loads directly attached to the animal's body, or of liquid 'loads' carried internally in the crop (Duncan and Lighton, 1994; Lighton et al., 1993; Taylor et al., 1980) . However, animals often carry loads with their limbs or teeth (or mandibles), where the load is located further away from the body center, resulting in a significant displacement of the center of gravity. As static stability during locomotion requires the center of mass to remain within the polygon of the supporting legs (Ting et al., 1994) , large off-center loads increase the carrier's risk of falling over. A shift of the center of mass is known to have a strong influence on the running kinematics in ants (Zollikofer, 1994) . Although previous studies in ants have shown that metabolic costs during transport increase with load mass (Duncan and Lighton, 1994; Lighton et al., 1993; Nielsen and Baroni Urbani, 1990) , it is still unknown whether stability constraints cause additional costs, and whether these costs influence the ants' foraging decisions. Measurements of energy expenditure during transport of loads that cause a larger or smaller shift of the center of gravity may provide direct evidence for the importance of biomechanical factors in foraging energetics.
Leaf-cutting ant foragers carry leaf fragments that can be larger than their own bodies (Lutz, 1929; Rudolph and Loudon, 1986; Wetterer, 1990) . Biomechanical problems associated with the size of the carried fragments are particularly evident in leaf-cutting ants that have specialized in harvesting grass, the so-called grass-cutting ants (Jonkman, 1976; Jonkman, 1979; Robinson and Fowler, 1982) . These ants carry fragments of grass blades by holding them with their mandibles in an upright position that is slightly tilted backwards. In our study species, Atta vollenweideri, the lengths of grass fragments cut in the field range from approximately 5 to 60mm (Röschard and Roces, 2003b) and can consequently exceed by many times the ants' body length (e.g. body lengths of foraging ants in our laboratory colony: 5.0-7.6mm). Ants minimize the backward shift of the center of mass during grass transport by holding long fragments more steeply than shorter ones (Moll et al., 2010) . Nevertheless, the transport of long fragments is still associated with a backward shift of the center of mass, which leads to an increased risk of falling over (Moll et al., 2010) . Furthermore, running speed decreases with increasing fragment length (Röschard and Roces, 2002) , which is presumably caused by the ants' need to maintain stability.
To investigate whether the energetic costs of load transport are affected by the need to maintain stability, two different experiments were performed. First, we measured metabolic rates in individual A. vollenweideri workers that carried standardized paper fragments of similar shape but different mass, for which no marked difference in the position of the fragment's center of mass during transport is expected. Second, metabolic rates were quantified for ants carrying fragments of the same mass but different shape, so as to separate the effects of loading from potential effects arising from stability constraints.
MATERIALS AND METHODS

Study animals
To investigate the influence of fragment mass and length on metabolic costs of load transport, we used indirect calorimetry based on CO 2 production of load-carrying ants. Experiments were carried out with a large laboratory colony of Atta vollenweideri (Forel 1893).
The colony was kept in a 12h:12h light:dark cycle at 24-29°C and 35-55% humidity. Temperature during the experiments ranged from 25.5 to 28°C. Ants were fed with blackberry leaves (Rubus spp.) and honey water.
Tested fragments
The influence of fragment mass on metabolic costs of grass transport was investigated by providing standardized paper fragments of different mass (light: 4.80±0.30mg, N15; heavy: 9.59±0.33mg, N15; means ± s.d.), but the same length (12.5mm) and width (4.8mm). This was achieved using paper of two different thicknesses (80 and 160gm -2
). The effect of fragment length on metabolic costs was studied by offering the ants paper fragments of different length (12.5 and 25mm) but with the same mass (short: 4.89±0.29mg, N14; long: 4.78±0.23mg, N15) and width (2.4mm), with no statistical difference between the achieved fragment masses (t-test: t 27 1.10, P0.28). The light and short fragments also had a similar mass, yet the light fragments were twice as wide as the short fragments. This difference in fragment width had no significant effects on any analyzed parameter and the results of this comparison are therefore not reported here. The fragment lengths were chosen based on field measurements in A. vollenweideri (Röschard and Roces, 2003b) ; 25mm is above the mean but within the range of naturally carried grass fragments (approximately 5-35mm) by workers of the size range of our laboratory colony (body mass range of carriers: 2.9-10.9mg). Fragments of this length could be carried without constraints along the respirometry running tube as described below. To make the paper fragments sufficiently attractive to the ants, they were soaked in orange juice for at least 1h and then dried, as has been done previously in field and laboratory experiments (Moll et al., 2010; Röschard and Roces, 2002; Röschard and Roces, 2003a; Röschard and Roces, 2011) .
Respirometric measurements
To measure metabolic rates, a high-resolution respirometry system (TR-2, Sable Systems International, Las Vegas, NV, USA; resolution: 0.01p.p.m. CO 2 ) was used as described by Lighton (Lighton, 1990) . This system allowed CO 2 -and H 2 O-free air to be drawn through a circular glass tube (25ϫ3cm, volume: 177cm 3 ), in which the ants could move freely, at a flow rate of 200mlmin -1 standard temperature and pressure (STP)-controlled by a mass-flow controller (Fig.1 ). Advantages and disadvantages of flow-through respirometry systems have been discussed before (Lighton, 2008; Halsey and Lighton, 2011) . The CO 2 production rate (V CO2 ) of a single ant was measured with an IR-CO 2 analyzer (LI-COR 6251, LI-COR, Lincoln, NB, USA) at a sample rate of 1Hz. The design of the tubular respirometry chamber takes advantage of the stereotyped running behavior many ants exhibit when confined in a closed-end tube (Lighton and Feener, 1989; Schilman and Roces, 2005) . They spend long periods of time running or walking from one end to the other. To encourage consistent and voluntary running in load-carrying A. vollenweideri, foraging ants were led through the open glass tube prior to the experiments to establish a sufficiently strong pheromone trail within the tube. Slippery Fluon (Whitford, Diez, Germany) on the walls (but not at the bottom) of the tube prevented the ants from climbing up to the ceiling of the tube. After at least 1h, the tube was disconnected from the colony. Ants that left the tube were individually removed by careful manipulation, so as to avoid the release of alarm pheromone within the tube. This was continued until no ants were left in the tube. The trail-laying procedure was repeated after every second measurement. Because our experiment ) at a flow rate of 200mlmin -1 controlled by a mass-flow controller. The CO 2 produced by the ant was measured by an IR-CO 2 analyzer. During the measurements, ants were filmed from above with a video camera. Energetics of running stability involved only voluntary locomotion, we can exclude artefacts potentially arising from repeatedly forcing insects to run while in the tube (Lipp et al., 2005; Nielsen et al., 1982) , or forcing them to run at predefined speeds on treadmills (Lighton and Feener, 1989) . In Atta colombica, V O2 and duration of the run were not correlated, suggesting that ants rapidly (within 3min) reach steady-state V O2 during each run (Lighton et al., 1987) . A short interval (>3min) of steady running and CO 2 output was therefore sufficient to quantify metabolic rate at a single speed.
Prior to and after each recording, the CO 2 signal in the whole system and in the empty glass tube was recorded as baseline. During the analysis, the start and end baselines were subtracted, assuming a linear drift, and the V CO2 values were corrected.
Experimental procedure
The four different types of fragments were alternately placed into a foraging arena, which was connected with the nest via a 3-m-long flexible tube. Using a small cardboard bridge, ants that returned to the nest carrying a paper fragment were individually led to the test tube, which was disconnected from the respirometry system during this procedure. V CO2 recording (as described above) started after at least 4min after the tube was re-connected to the respirometry system to make sure that any CO 2 not originating from the ant was fully flushed out of the chamber. Each carrier was measured for 3 to 5min, which represented the duration over which most ants voluntarily carried the fragments. Subsequently, V CO2 of the same worker was measured without load. Workers mostly dropped the fragments by themselves. If fragments were not dropped after 10min, the fragment (not the ant) was held with a pair of tweezers until the ant released it from its mandibles. Any fragment was removed from the tube prior to the recordings of unladen ants. Unladen ants were also allowed to run in the closed tube for at least 4min before the recording started. Most ants immediately began to run steadily in the tube. Data from ants that were reluctant, i.e. they dropped their fragments too early or ran irregularly, were not used.
To measure running speed during the metabolic measurements, ants were recorded with a video camera (Basler A602f, Basler Vision Technologies, Ahrensburg, Germany) at 10Hz from above. The ant's two-dimensional position in the tube was digitized in the video recordings every second and mean running speed (total distance/duration) was calculated for each ant in the loaded and the unloaded condition. After the recordings, ants and their loads were collected and weighed to the nearest 0.1mg.
Body mass of workers in the experimental series ranged from 2.9 to 10.9mg for the comparison of light and heavy fragments, and 3.7 to 8.1mg for the comparison of short and long fragments (Table1). For both comparisons, the ants' body masses did not differ significantly between the two groups (light vs heavy: t1.03, d.f.28, P0.31; short vs long: t-0.56, d.f.27, P0.58).
Data analysis
A total of 59 ants were analyzed and mean V CO2 was calculated for each ant with and without load over a sequence of 3-4min each. Unfortunately, minimum cost of transport, i.e. the slope of the relationship between running speed and metabolic rate (Taylor et al., 1970) , could not be determined because the limited range of speeds did not allow us to assign a statistically significant slope to this relationship. We therefore compared net cost of transport (C net ), which is calculated as the difference in energy uptake during running and resting divided by running velocity and body mass, and describes the net energy required to move a unit body mass over a unit distance (in Jg
). As the y-axis intercept in plots of metabolic rate vs speed is usually higher than the resting metabolic rate (the difference likely representing the cost of maintaining the body posture of locomotion) (see Schmidt-Nielsen, 1972) , this estimate of C net may slightly decrease with running velocity. In order to calculate C net , resting or standard V CO2 (V CO2,S ) was estimated from the ant's body mass (M b ), using the allometric equation
618 and a respiratory quotient (RQ) of 0.71 found in load-carrying A. colombica workers] (Lighton et al., 1987) . V CO2,S can readily be corrected for temperature assuming a Q 10 of 2 (Lighton, 1988; Lighton, 1989; Lighton and Bartholomew, 1988) whereas V CO2 , which is a function of temperature-sensitive and temperatureinsensitive components (Lighton and Feener, 1989) , cannot. Thus, net V CO2 was calculated by subtracting V CO2,S at the temperature of the running ant from the measured V CO2 during running. Net V CO2 was converted to energy units (J) based on RQ0.71 (Lighton et al., 1987) . Hence, assuming 6.606calml , 1ml CO 2 corresponds to 27.659J. C net was obtained by dividing net V CO2 by the ant's body mass and running speed. As C net is sensitive to running speed, results need to be considered with respect to this variable.
To evaluate the costs of carrying a unit load for the different types of fragments, we calculated C net,tot , which describes the net energy required to move a unit mass (body mass + fragment mass) C net , net cost of transport (i.e. energy required to move a unit body mass over a unit distance); C net,tot , net cost of transport with respect to the total mass (ant + fragment) moved; N, sample size; V CO 2 , CO 2 production rate; V CO 2 ,S , standard (resting) rate of CO 2 production estimated from the allometric equation V CO 2 0.0524M b 0.618 (adapted from Lighton et al., 1987) , where M b is mass in g. ). Thus, C net,tot was obtained by dividing net V CO2 by the sum of body and fragment masses and running speed. C net,tot was converted to energy units as described above. Similar values of C net,tot in laden and unladen workers indicate that transport costs per unit load are equal to the transport costs of a unit body mass, whereas smaller or higher values in laden workers indicate lower or higher mass-specific costs of load carriage, respectively.
All data are reported as means ± s.d. Regression analysis was by least squares and slopes are reported with standard errors (s.e.m.). Regression slopes were compared by analysis of covariance (ANCOVA, test for homogeneity of slopes) and, if not significantly different, were used to correct for differences in body masses. Workers with and without loads were compared using paired t-tests, and ants with short vs long fragments and light vs heavy fragments were compared using independent t-tests. To avoid a inflation, Pvalues were corrected with the Bonferroni method. The significance level for all tests was P<0.05.
RESULTS
Running speed
When carrying fragments of different mass, the mean running speeds (Table1) in laden and unladen workers did not differ significantly (Table2). Ants that carried light and heavy fragments ran at similar speeds (Table2). By contrast, ants with long fragments were significantly slower than unladen ants and ants that carried short fragments of the same mass (Table2). Running speeds of ants with short fragments did not differ from those of unladen ants (Table2).
Running speed increased significantly with body mass for ants that carried the heavy and long fragments (heavy: R on body size for light and short fragments as well as for unladen ants may be based on the limited range of body sizes investigated, its presence for heavy and long fragments is likely explained by a reduction in running speed for small ants with relatively high loading ratios (body mass lower than 5-6mg). . To correct our data for different ant body sizes, we used V CO2 /M b 0.47 for further analysis. For all experimental conditions, laden workers produced significantly more CO 2 per unit time than unladen workers (Table2, Fig.3 ). Ants carrying heavy fragments produced significantly more CO 2 per unit time than ants carrying the light fragments (Table2, Fig.3A ), whereas V CO2 did not differ significantly between ants carrying short and long fragments (Table2, Fig.3B ).
Cost of transport
The costs of transport for fragments of different mass and length were analyzed by comparing C net . The resting metabolic rates predicted from body mass and V CO2,S are shown in Table1. For fragments of both different mass and different length, C net decreased with body mass (F 1,109 30.98, P<0.001; Fig.4A,B) and the scaling coefficients did not differ significantly between experimental conditions (F 7,102 1.69, P0.12), with an overall relationship of C net~Mb -0. 82±0.15 . This scaling coefficient is not significantly different from the value of -0.602 found in A. colombica (Lighton et al., 1987 ) (F 1,109 2.21, P0.14). As described above, the scaling coefficient was used to correct for differences in body size.
C net was significantly increased for any laden workers compared with unladen ones (Table2, Fig.4A,B) . C net increased significantly with both load mass and load length (Table2). In case of the heavier fragments, C net primarily increased because of the higher metabolic rate (Fig.3A) , with no significant changes in running speed (Fig.2A) . Conversely, in case of the longer fragments, C net was higher mainly because of the decreased running speed (Fig.2B) , and not because of an increase in metabolic rate (Fig.3B) .
As C net does not take into account the fragment mass carried, the costs of transport for the different fragment types relative to the transport costs of a unit mass (ant + fragment) were evaluated by comparing C net,tot (Table1). C net,tot also decreased with body mass (F 1,109 16.19, P<0.001; Fig.4C,D) of -0.58±0.14 for all conditions (no significant difference between conditions, F 7,102 0.98, P0.45). Again, this scaling coefficient was used to correct for differences in body size. C net,tot was similar for ants that carried light and heavy fragments and did not increase compared with unladen ants (Table2, Fig.4C ). Consequently, the costs of carrying a unit fragment mass did not differ from the costs of carrying a unit body mass, neither for the light nor for the heavy fragments. By contrast, C net,tot depended significantly on the length of the fragment. As for light and heavy fragments, C net,tot did not change significantly for short fragments compared with unladen ants (Table2). However, C net,tot was significantly higher for ants carrying long fragments than for unladen ants and ants with short fragments (Table2, Fig.4D ). This shows that the costs of carrying a unit mass were particularly high for long fragments. When the absolute costs per unit distance for ants of different sizes are compared (i.e. the energy output of an individual expressed in Joules per unit distance; Fig.5A,B) , ants carrying heavier and longer fragments incurred higher costs than workers carrying light and shorter fragments, a trend similar to that seen for C net (Fig.4A,B) . In contrast to the result for C net , however, a difference between the slopes is now apparent (F 7,102 3.88, P<0.001) . The absolute costs per unit distance of unladen ants increased significantly with body mass (t 57 4.30, P<0.001, scaling coefficient: 0.64±0.15; Fig.5A,B ). For ants with light and short fragments, scaling coefficients were also positive, but the relationship was not significant (light: t 13 1.40, P0.19, scaling coefficient: 0.21±0.15; short: t 12 0.83, P0.42, scaling coefficient: 0.26±0.32; Fig.5A,B) . By contrast, the absolute costs per unit distance decreased significantly with body mass for ants carrying long fragments, and a similar (but not statistically significant) trend was present for ants with heavy fragments (long: t 13 -2.28, P<0.05, scaling coefficent: -0.86±0.38; heavy: t 13 -0.99, P0.34, scaling coefficient: -0.35±0.35; Fig.5A,B) .
If the absolute costs per unit distance are normalized for fragment mass, they are similar for light and heavy fragments, and higher for long than for short fragments (Fig.5C,D) , consistent with the results for C net,tot (Fig.·4C,D) . However, the scaling with body mass varied again between the four types of fragments (F 3,51 3.17, P<0.05). Scaling coefficients were positive for ants with light and short fragments, but negative for long and heavy ones, the trend being significant only for the long fragments (light: t 13 1.69, P0.17, scaling coefficient: 0.22±0.13; short: t 12 0.70, P0.49, scaling coefficient: 0.22±0.30; long: t 13 -2.57, P<0.05, scaling coefficient: -0.97±0.36; heavy: t 13 -1.03, P0.32, scaling coefficient: -0.38±0.37; Fig.5C,D) . The negative scaling coefficient for the long fragments is mainly based on the high costs for workers smaller than 5-6mg, whereas for larger workers the costs of carrying short and long fragments were similar (Fig.5D ).
DISCUSSION
In this study, fragment mass directly affected CO 2 production of the carrying ant, whereas fragment length showed no direct effect. Because of similar mean running speeds, values of C net,tot were the same for heavy and light fragments, and did not differ from the costs of carrying a unit body mass. By contrast, ants carrying long fragments showed similar metabolic rates but ran significantly slower than ants carrying short fragments. As a consequence, the net costs of carrying a unit load over a unit distance were significantly higher for long fragments than for short fragments, and higher than the costs of carrying a unit body mass. To maximize the fragment transport rate, foragers are expected to run as fast as possible. In a previous study, we found that A. vollenweideri ants fall over more often when carrying long fragments (Moll et al., 2010) . The reduced velocity observed in the present study therefore suggests that workers carrying long fragments are running close to their limit of stability, and that this condition increases C net,tot . Therefore, the shape of a fragment, independent of its mass, has important effects on foraging energetics. An increase of metabolic rate with the mass of the carried load has been observed for mammals and other arthropods (Duncan and Lighton, 1994; Keren et al., 1981; Kram, 1996; Kram and Taylor, 1990; Lighton et al., 1987; Lighton et al., 1993; Marsh et al., 2006; Nielsen and Baroni Urbani, 1990; Schilman and Roces, 2005; Soule et al., 1978; Taylor et al., 1980) . We found no effect of load mass on running speed. Previous studies have shown a reduction in running speed for laden ants (Bartholomew, 1988; Lighton et al., 1993; Rissing, 1982) , but the reported changes were small for low loading ratios (Lighton et al., 1987) . In some species, running speed was not affected or even increased with loading (Duncan and Lighton, 1994; Schilman and Roces, 2005) . Running speed is not only a function of load but may also depend on other factors, such as the nutritional state of the colony, food quality and the phase of the daily foraging cycle (Bollazzi and Roces, 2011; Roces, 1993; Roces and Núñez, 1993) .
Transporting a unit load was found to be cheaper than transporting a unit body mass in many mammals (including humans) and arthropods (Goldman and Iampietro, 1962; Herreid and Full, 1986; Lighton et al., 1993; Maloiy et al., 1986; Nielsen and Baroni Urbani, 1990; Taylor et al., 1980) , but no difference was found in several ant species (Bartholomew, 1988; Duncan and Lighton, 1994; Lighton et al., 1987; Nielsen et al., 1982) . According to our result for C net,tot , i.e. the net cost of transport per unit body + fragment mass, carrying a heavier fragment costs approximately the same amount of energy per unit load as carrying a light one or a unit body mass. However, when the absolute costs of transport are considered, smaller ants required more energy per unit distance than larger ants to carry heavy fragments, and less energy to carry light ones (Fig.5A) . This relationship at the individual level is also relevant at the colony level, when cutting behavior and colony-wide intake of the harvested plants are considered. A given mass of plant material can hypothetically be carried back to the nest either by smaller ants as a large number of small pieces, or by larger ants as a small number of large pieces. Fig.5C shows that both ways would result in similar costs for the colony. Hence, it may be energetically advantageous for polymorphic species such as leaf-cutting ants to allocate small workers for the carriage of lighter fragments, and larger workers for the carriage of heavier fragments. Such a matching between ant body size and load size has been found repeatedly, not only in those leaf-cutting ants that cut semicircular fragments from dicotyledonous leaves (Cherrett, 1972; Lutz, 1929) , where the matching may directly result from their geometric mode of cutting, but also in the grass-cutting ant species of the present study (Röschard and Roces, 2003b) .
In contrast to heavier fragments, long fragments caused a reduction in the mean running speed, confirming previous results in grass-cutting ants (Röschard and Roces, 2002) . This reduced speed led to an increase in the C net,tot to a level significantly higher than the cost of carrying a unit body mass. The cost of carrying a unit load over a unit distance has been shown to increase with decreasing speed in vertebrates (Taylor et al., 1982; Taylor et al., 1970) and cockroaches (Herreid and Full, 1984) , suggesting that low running speeds are energetically K. Moll, W. Federle and F. Roces disadvantageous. In grass-cutting ants, the need to maintain stability when carrying long fragments likely limits their maximum running speed. Even though workers reduce the backward shift of the center of mass when carrying long fragments by holding them more steeply than short ones, they do not fully compensate for this shift (Moll et al., 2010) . Workers carrying long fragments further increase stability by reducing their stride length and increasing the number of legs simultaneously in ground contact, both of which limits their maximum running speed; these kinematic adjustments will be described in a separate study. Apart from carrying loads, leaf-cutting ants have to lift fragments from the ground and bring them into an upright position. This handling of the fragments also costs time and energy (Bollazzi and Roces, 2011) . It is unknown whether and how fragment properties influence the handling costs and how they contribute to the total foraging costs. An overall cost-benefit analysis of foraging in leafcutting ants could help to clarify the energetic costs of a complete harvesting cycle, but such a study would be very difficult to accomplish. Leaf-cutting ants do not eat the harvested leaves themselves, but rear a symbiotic fungus on the plant material in their nest (Weber, 1972) . Although the energy content of the leaf fragments could be measured, it is still unknown how much of the delivered energy is consumed by the fungus and how much is actually passed on to the brood or adults (Bass and Cherrett, 1995; Littledyke and Cherrett, 1976) .
Our results suggest that in order to minimize costs of transport, workers should choose shorter fragments, which do not reduce their running speed. In fact, grass-cutting ants avoid the transport of overly long fragments. Given a choice of fragments of different lengths but the same mass, they were more likely to pick up the shorter fragments (Röschard and Roces, 2002) . Additionally, the likelihood of ants cutting a fragment into smaller pieces instead of transporting it increased with the original fragment length (Röschard, 2002) .
Because grass-cutting ant foragers do not use the reach of their legs to 'measure' fragment size, as is the case in other leaf-cutter ants, most fragments cut are longer than the ants' body length. Workers climb on a grass blade and cut across its width, which results in a longish, more or less rectangular grass fragment. Therefore, cutting effort is directly determined by the width of the grass, which usually does not vary much along a blade except near its tip. Hence, cutting longer fragments implies neither a higher cutting effort nor a longer cutting time. As cutting is an energetically expensive activity, with metabolic rates up to 30 times higher than at rest (Roces and Lighton, 1995) , workers may harvest more material per unit cutting effort by simply cutting longer fragments. If only the energy investment during cutting is considered, the ants should prefer very long fragments. However, fragment length has substantial effects on maneuverability (Moll et al., 2010) and speed of transport, as demonstrated in the present study. It is likely that the sizes of the fragments cut and carried by grass-cutting ants under natural conditions represent the outcome of a trade-off between maximising harvesting rate at the cutting site and minimising the effects of fragment size on running speed and transport costs.
The load size selected by individual workers is a crucial variable that ultimately determines the foraging success of a leaf-cutting ant colony. Studies of load size selection in Atta have found that loads are mostly smaller than would be predicted to maximize leaf mass transport rate (Burd, 2000; Burd, 2001) . It has been argued that the selection of smaller leaf fragments was favored during evolution because of the underground processing rates of the fragments after their delivery, which are maximal for fragments of intermediate size (Burd and Howard, 2005) (but see Roces and Bollazzi, 2009 ). Load transport rates may also depend on environmental conditions, such as trail gradients (Lewis et al., 2008) , height constraints (Dussutour et al., 2009 ) and fallen branches (Farji-Brener et al., 2007) . The relationship between load size and transport rates is likely to be affected by these factors and hence may influence the ants' decisions.
To clarify the process of load size selection, it is very important to consider biomechanical factors that may affect cutting, handling and carrying behavior. The present results underline their importance for the understanding of leaf-cutting ant foraging strategies.
